Introduction
============

Oxidative stress is associated with both healthy aging and age-related disease states.^([@B1]--[@B3])^ For example, mitochondria are one of the major sources of reactive oxygen species (ROS) relevant to the aging process. Cells using oxygen generate ROS during the process of ATP production; increased ROS levels lead to a vicious cycle where ROS produced by the mitochondrial electron transport chain damage the mitochondria, leading to an exponential increase in ROS production and mitochondrial damage.^([@B4],[@B5])^ In addition to mitochondria, NADPH oxidase or xanthine oxidase are major sources of ROS associated with aging. Several reports suggested that oxidative stress associated with aging is related to increased expression and activity of NADPH oxidase^([@B6],[@B7])^ or xanthine oxidase^([@B8],[@B9])^ in a range of tissues.

In connection with increased oxidative stress, inflammation stands out as a determinant process in the development of tissue aging.^([@B2])^ The redox-regulated and oxidant stress-activated transcription factor nuclear factor-κB (NF-κB) has been reported to be active in the tissues of aged experimental animals,^([@B10],[@B11])^ and this active NF-κB was shown to correlate with expression of the NF-κB regulated genes IL-6, IL-12, macrophage migration inhibitory factor, cyclooxygenase-2, and tumor necrosis factor-a in aged mice.^([@B12])^ Spin trapping agents also decrease inflammatory factors such as steady state cyclooxygenase-2 (both at the mRNA level, and its catalytic activity), and inducible nitric oxide synthase (at the mRNA level) in macrophage cell culture.^([@B13])^ Immunosenescence is understood as an imbalance between inflammatory and anti-inflammatory mechanisms. The immune system is a major component of chronic, low-grade inflammation associated with normal aging and age-related disease.^([@B14],[@B15])^ Chen *et al.*^([@B16])^ reported that a decrease in the proportion of the CD4 T cell subset in peripheral blood was a general phenotype for the aged immune system.

4-Hydroxy-2,2,6,6-tetramethylpiperidine-*N*-oxyl (hydroxy-TEMPO, or tempol), which is a well-known antioxidant, has a protective effect on age-related phenomena. Chronic treatment with tempol has been shown to restore the sensitivity of pharmacological preconditioning in aged rats, and reduce the myocardial infarct size.^([@B17])^ Short-term treatment with tempol also normalizes the age-associated increase in arterial superoxide production, and ameliorates large elastic artery stiffness and carotid artery endothelial dysfunction in aged mice.^([@B18])^ Tempol prevents the age-related impairment in cardiovascular disease or vascular disease animal models,^([@B17]--[@B19])^ however other age-related effects, for example on the immune system, remain unknown. Therefore, in this study we tested whether tempol treatment would ameliorate the decrease in proportion of the CD4 T cell subset with aging, in order to identify an association between oxidative stress and immunosenescence.

Materials and Methods
=====================

Chemicals
---------

Ascorbic acid, 2,6-di-t-butyl-4-methyphenol, 1,1,3,3,-tetraethoxypropane, and thiobarbituric acid (TBA) were obtained from Wako Pure Chemical Industries (Osaka, Japan). Glucose, cholesterol, triglyceride, and non-esterified fatty acid assay kits were also obtained from Wako Pure Chemical Industries. C-reactive protein (CRP) assay kit was obtained from Kamiya Biomedical Company (Seattle, WA). All other chemicals were of the highest grade available.

Animals
-------

C57BL/6 male mice (7 weeks of age) were purchased from Kyudo Co., Ltd. (Saga, Japan). The mice were housed in a temperature- and humidity-controlled room, and fed commercial normal diet (MF, Oriental Yeast Co., Tokyo, Japan) *ad libitum*. After an acclimation period of 1 week, the mice were divided into two groups: control animals, which continued on regular drinking water, or treated animals, which had tempol supplemented at a dose (6 mM) previously used *in vivo*.^([@B20])^ Individual body weights were determined every 1 to 2 weeks. Mice were grouped by age, either young (2 months of age, water only), or aged (20--23 months of age, water or tempol) for the experiments. All mice were housed in an animal care facility on a 12 h:12 h light-dark cycle.

All procedures and animal care were approved by the Committee on Ethics of Animal Experiments, Graduate School of Pharmaceutical Sciences, Kyushu University, and were conducted according to the Guidelines for Animal Experiments of the Graduate School of Pharmaceutical Sciences, Kyushu University.

Survival
--------

A survival analysis was performed in control (*n* = 38) and tempol-treated (*n* = 37) mice. During the study period of 20 months, cages were inspected daily for deceased animals.

Biochemical determination
-------------------------

Blood was carefully collected from the inferior vena cava using a heparinized syringe. Plasma was separated by centrifugation at 800 × *g* for 15 min at 4°C and stored at --80°C until analyses. Plasma glucose, cholesterol, triglyceride, urea nitrogen, and CRP were determined using assay kits. Measurements of CD4 and CD8 population were performed at SRL Inc. (Tokyo, Japan).

Measurement of plasma ascorbic acid concentration
-------------------------------------------------

Plasma ascorbic acid concentration was determined using a fluorophore--nitroxide probe as follows.^([@B21])^ Five µl of plasma was added to an assay solution containing 85 µl of distilled water and 10 µl of probe stock solution (500 mM in dimethylsulfoxide). The solution was then measured at 310 nm (excitation) and 430 nm (emission) wave lengths. The concentrations were calculated from a standard curve.

Level of lipid peroxidation
---------------------------

The concentration of plasma thiobarbituric acid-reactive substances (TBARS) was measured. The plasma was pre-treated with 10% phosphotungstic acid and 1/12 N sulfuric acid. The samples were mixed to give a final concentration of 7.5% acetic acid, 2 mM EDTA, and 0.4% SDS; it was then reacted with 0.3% thiobarbituric acid in a bath of boiling water for 45 min. After cooling, the chromogen was extracted in n-butanol/pyridine (15:1, v/v). The TBARS concentration was calculated from the absorption values of the butanol-extracted supernatant at 532 nm. The concentration of TBARS was calculated using 1,1,3,3,-tetraethoxypropane as a standard.

Statistical analysis
--------------------

Data are expressed as mean ± SEM. Survival analysis was performed using the Kaplan--Meier method, and between-group differences in survival were tested by the log-rank test. A between-group comparison of means was analyzed using the Tukey--Kramer test. A probability value of 0.05 was set as the minimum level of statistical significance.

Results
=======

To characterize its effect on mortality in mice, tempol was added to the drinking water. As shown in Fig. [1](#F1){ref-type="fig"}A, tempol-treated mice exhibited a reduction in mortality at 20 mouths, which was the experimental endpoint to determine biochemical changes. The body weight of tempol-treated mice was the same as control mice (Fig. [1](#F1){ref-type="fig"}B). Food and water consumption did not differ between the two groups (data not shown). These results suggested that there is no caloric restriction-like effect, as has been observed in a previous study.^([@B20])^

Animal characteristics are shown in Table [1](#T1){ref-type="table"}. At 20 months, the body weight of the aged mice had increased significantly in comparison with young mice. Plasma total cholesterol and triglyceride of aged mice were significantly lower than in young mice. Plasma glucose and blood urea nitrogen levels of aged mice were not different from those in young mice. Tempol drinking did not have any effect on body weight, amount of visceral adipose tissue, or plasma biochemical parameters in aged mice. Body temperature of aged control mice was significantly lower than that of young mice, but this reduction in body temperature was partially restored in the tempol-treated aged mice.

To determine whether tempol drinking affects systemic oxidative stress in aged mice, lipid peroxidation was estimated by the TBARS method. Plasma TBARS were significantly increased in the aged control mice compared to the young mice, but this increase was normalized by tempol consumption (Fig. [2](#F2){ref-type="fig"}A). Ascorbic acid, one of the endogenous antioxidants, was significantly increased in the plasma of tempol-treated mice (Fig. [2](#F2){ref-type="fig"}B). Other plasma antioxidant enzymes such as superoxide dismutase did not change between the groups (data not shown). CRP has been reported to be associated with oxidative stress.^([@B22])^ The plasma level of CRP was increased in aged control mice, but that of tempol-treated mice was the same as the control mice (Fig. [2](#F2){ref-type="fig"}C).

The proportion of CD4 lymphocytes decreased significantly with age in the peripheral blood of mice, and tempol drinking partially ameliorated this reduction (Fig. [3](#F3){ref-type="fig"}A). The proportion of CD8 lymphocytes did not change between groups (Fig. [3](#F3){ref-type="fig"}B).

Discussion
==========

Advanced age is associated with oxidative stress, chronic inflammation, and dysregulation of the immune system. Here we report that tempol has a systemic antioxidant effect in aged mice, and is beneficial in reducing mortality up to 20 months of age. One of the mechanisms by which this may occur is the change of plasma CRP level and peripheral blood CD4 cells in aged mice, both of which were ameliorated by tempol consumption.

Tempol is a redox-cycling nitroxyl radical that promotes the scavenging of many ROS.^([@B23]--[@B26])^ Tempol can shuttle between the nitroxyl radical, reduced hydroxylamine, and oxidized oxoammonium cation forms through one- and two-electron-transfer reactions. The oxoammonium cation is generated if the hydroxyl radical or superoxide reacts with the nitroxyl group of tempol at almost the diffusion-controlled rate, and is reduced to the hydroxylamine by NADH.^([@B23],[@B25])^ In addition to the direct scavenging effect for free radicals, tempol acts as an antioxidant through increasing SOD activity.^([@B17])^ In this study, ascorbic acid was significantly increased in the plasma of aged tempol-treated mice (Fig. [2](#F2){ref-type="fig"}). Ascorbic acid is one of most important antioxidants *in vivo*. Ascorbic acid can scavenge the superoxide anion, hydroxyl and other radicals, and couples with glutathione to detoxify hydrogen peroxide.^([@B27]--[@B29])^ Tempol may therefore act as both a direct and indirect antioxidant in aged mice, normalizing plasma TBARS and CRP levels.

Aging is associated with a chronic, low-grade inflammatory state, which appears to be a major characteristic of the immune-aging process. In fact a reduced peripheral blood CD4 lymphocyte proportion is one component of the ageing phenotype.^([@B15],[@B16],[@B30])^ The effect on the proportion of CD4 lymphocytes in aged mice is muted by caloric restriction^([@B30])^ or resveratrol treatment.^([@B15])^ In this study, the proportion of CD4 lymphocytes in the peripheral blood was significantly decreased with age, and this was partially restored by tempol (Fig. [3](#F3){ref-type="fig"}A). These results suggest that antioxidants delay age-dependent changes, resulting in life-span extension.

An effect of drinking a high concentration of tempol (58 mM) on life-span extension in C3H mice has been reported.^([@B20])^ In C3H mice, tempol obviated weight gain, elevated levels of mitochondrial UCP-2, and decreased age-related spontaneous tumor incidence. In this study, we show that a relatively low concentration of tempol (6 mM) had a life-extending effect without a reduction of body weight. The anti-aging effect of low concentration tempol may be due to the amelioration of chronic inflammation and beneficial effects on the immune system through its antioxidant effects.
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![Survival rate of control and tempol-treated mice (A) and body weight as a function of time (B). Tempol concentration was 6 mM in drinking water. Open and closed circles represent mice treated with either water (*n* = 38) or tempol (*n* = 37), respectively. \**p*\<0.05 vs aged control group.](jcbn14-4f01){#F1}

![Effect of tempol on plasma TBARS (A), ascorbic acid (B), and CRP (C) levels. Open and closed column represents young (*n* = 7) and aged (*n* = 8) mice, respectively. \**p*\<0.05 and \*\**p*\<0.005 vs young group. ^\#^*p*\<0.05, ^\#\#^*p*\<0.01, and ^\#\#\#^*p*\<0.005 vs aged control group.](jcbn14-4f02){#F2}

![Effect of tempol on peripheral blood leukocyte composition: CD4 (A) and CD8 (B). Open and closed columns represent young (*n* = 6) and aged (*n* = 5--6) mice, respectively. \*\**p*\<0.005 vs young group. ^\#^*p*\<0.05 vs aged control group.](jcbn14-4f03){#F3}

###### 

Animal characteristics

                                Young         Old              
  ----------------------------- ------------- ---------------- ---------------------
  Body weight (g)               21.8 ± 0.5    35.1 ± 1.6\*\*   37.4 ± 2.2\*\*
  Body fat (%)                  1.4 ± 0.3     6.0 ± 0.9\*\*    6.1 ± 1.3\*\*
  Body temperature (°C)         38.1 ± 0.2    35.9 ± 0.1\*\*   36.7 ± 0.3\*\*^,\#^
  Glucose (mg/dl)               136.4 ± 2.8   122.5 ± 3.8      120.1 ± 6.0
  Total cholesterol (mg/dl)     61.7 ± 6.3    40.5 ± 3.3\*     39.5 ± 5.1\*
  Triglyceride (mg/dl)          62.0 ± 7.4    48.9 ± 4.8       46.8 ± 3.2
  Blood urea nitrogen (mg/dl)   20.8 ± 0.9    23.2 ± 1.1       21.4 ± 1.1

Each value represents the mean ± SEM. The data were obtained from 6--8 animals.\**p*\<0.05 and \*\**p*\<0.005 vs young group. ^\#^*p*\<0.05 vs aged control group.
